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Laser pulses with stable eletri eld waveforms establish the opportunity to ahieve oherent
ontrol on attoseond timesales. We present experimental and theoretial results on the steering of
eletroni motion in a multi-eletron system. A very high degree of light-waveform ontrol over the
diretional emission of C
+
and O
+
fragments from the dissoiative ionization of CO was observed.
Ab initio based model alulations reveal ontributions to the ontrol related to the ionization and
laser-indued population transfer between exited eletroni states of CO
+
during dissoiation.
PACS numbers:
Coherent ontrol of hemial reations and photobio-
logial proesses has been ahieved by manipulating the
laser frequeny, phase and polarization in losed loop
experiments [1℄. Control of the eletri eld waveform
E(t) = E0(t) cos(ωt + φ), with envelope E0(t), and fre-
queny ω, by the arrier envelope phase (CEP) φ onsti-
tutes a new paradigm of oherent ontrol. This ontrol
beame aessible with CEP-stabilization and opened
the door to steer eletrons in atomi and moleular
systems on attoseond timesales [2℄. Waveform on-
trolled few-yle pulses have only reently been used to
ontrol eletron loalization in the dissoiative ioniza-
tion of the prototype moleules D2 [3, 4℄ and HD [4℄.
The same proesses were also theoretially studied (see
e.g. [5, 6, 7, 8, 9℄ and referenes ited therein). After ini-
tial ionization, these systems only ontain a single ele-
tron. The important question arises, whether the steer-
ing of eletrons in more omplex systems is feasible and
 if yes  an we understand the role of the initial ion-
ization/exitation proess and the following strong-eld
oupling of the various potential energy surfaes in the
observed ontrol? We desribe experiments, where on-
trol of eletron dynamis in arbon monoxide (CO) was
ahieved by the light-waveform. Phase-stabilized 4 fs, lin-
early polarized laser pulses at 740 nm and at an intensity
of 8× 10
13
W m
−2
were applied to dissoiatively ion-
ize CO. The diretional emission of ioni fragments was
monitored via veloity-map imaging (VMI). We ompare
the experimental results to full quantum alulations al-
lowing a mehanisti interpretation and understanding
of the observed ontrol. The dynamis of moleules in
strong laser elds typially inludes ionization and dis-
soiation. While there is a wealth of work on the dis-
soiation of small moleules in strong laser elds (see
e.g. [10℄ and referenes ited therein), only a limited num-
ber of studies have been performed on CO. Guo studied
the multiphoton indued dissoiative ionization of CO
at 800 nm and an intensity of 3.8× 10
13
W m
−2
[11℄.
The yield of C
+
ions from the dissoiation was found to
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Figure 1: PES of CO
+
and Frank Condon point (FC) for the
ionization from neutral CO obtained by alulations desribed
in the text.
be more than an order of magnitude higher than that
of O
+
fragments. Experiments reported by Alnaser et
al. [12℄ using 8 fs pulses at 800 nm and an intensity of
6× 10
13
W m
−2
showed an angular distribution of the
ioni fragments from the Coulomb explosion of CO with a
maximum along the laser polarization axis, for whih the
shape of the highest oupied moleular orbital (HOMO)
of the CO moleule was held to be responsible. Here,
we report on the CEP-dependent diretional emission of
ioni fragments from the dissoiative ionization of CO.
To demonstrate the omplexity of the moleular system,
we show in Fig. 1 the alulated potential energy surfaes
(PES) of the lowest
2Σ+- and 2Π-states relevant for the
photodissoiation of CO
+
at our laser intensities. In the
initial ionization, the low-lying bound eletroni states X
and A of CO
+
an be populated. Higher eletroni states
of CO
+
an be reahed by reollision or multi-photon ex-
itation starting the dissoiation proess. At our inten-
sity the reollision energy of the eletron from the ini-
tial ionization is up to 13 eV. The setup used in these
experiments was desribed earlier [13℄. Briey, phase-
stabilized few-yle pulses were foused into the enter
of the ion optis of a VMI spetrometer using a spherial
mirror (f = 125 mm). Ions and eletrons that were gener-
ated at the rossing point of the laser (linearly polarized
2along the y-axis and propagating along the x-axis) and
an eusive atomi/moleular beam were projeted (along
the z-axis) onto a multi-hannel plate (MCP)/phosphor
sreen assembly and reorded with a ooled CCD am-
era. Inversion of the reorded projetions using an it-
erative proedure allowed reonstrution of the original
3D ion momentum distributions. Fig. 2(a) shows a ut
through the 3D momentum distribution in the xy-plane
at pz=0 for C
+
ions and for a CEP≃ pi pulse. An up-
down (positive py versus negative py values) asymmetry
in the C
+
fragment emission is visible and the ontribu-
tions may be best identied as three rings, where the rst
ring is the broadest (from p = 0 to 1·10−22Ns) and most
intense and exhibits additional sharp lines. The other
rings appear between momenta of 1.1 to 1.3 and 1.4 to
1.6·10−22Ns. The dominant features show angular distri-
butions with minima around 0
◦
, 90
◦
, 180
◦
and 270
◦
with
varying modulation depths. This angular distribution of
the C
+
fragments diers from the ndings in ref. [12℄
and indiates ontributions from the HOMO (5σ) and
the HOMO-1 (1pix/y). The solid blak line in Fig. 2(a)
displays the alulated volume-averaged angle-dependent
ionization rate as desribed below in the theory setion.
Fig. 2(b) shows the kineti energy spetrum derived from
Fig. 2(a) by angular integration (blue line) together with
the alulated spetrum obtained within the theoretial
approah desribed below (red line). Comparison with
experiments using irularly polarized light at twie the
intensity as for linear polarization, whih suppresses the
reollision exitation, reveals a distint derease in in-
tensity of all three rings. Thus, we onlude that re-
ollision exitation is responsible for the prodution of
the observed ioni fragments at our experimental on-
ditions. In the fragmentation of CO
+
, the C
+
+O han-
nel is energetially favored over the C+O
+
hannel (see
Fig. 1). We nd the C
+
yield to be approx. 20 times
larger than the O
+
yield. Throughout the measured
CEP range a pronouned phase dependene in the dire-
tional ion emission is found for C
+
as well as for O
+
ions.
The diretional emission is represented by the asymmetry
A(W,φ) =
Pup(W,φ)−Pdown(W,φ)
Pup(W,φ)+Pdown(W,φ)
as a funtion of the frag-
ment kineti energy W and the laser phase φ. Pup(W,φ)
and Pdown(W,φ) are the angle-integrated ion yields in
the up and down diretions. Fig. 2() displays the ob-
served asymmetry A(W,φ) for the dissoiative ionization
of CO into C
+
and O as a funtion of the CEP and the
kineti energy W of the C+ ion fragments. Fig. 2(d)
shows the asymmetry parameter integrated over seleted
energy ranges. The observed asymmetry in the dire-
tional emission of C
+
ions is very pronouned and al-
most equally strong throughout the kineti energy spe-
trum. A similar asymmetry map (not shown here) was
reorded for O
+
ions, showing the same features. Due to
the signiantly weaker O
+
signal, however, the asym-
metry map exhibits a lower signal-to-noise ratio, making
a
b C
d
Figure 2: (a) Inverted two-dimensional C
+
momentum image
(the laser polarization is vertial) and alulated ionization
rate of CO in arb. un. (blak line) for CEP≃ pi; (b) measured
(blue) and theoretial (red) C
+
kineti energy spetrum for
CO dissoiative ionization. () Asymmetry of C
+
ion emission
along the laser polarization (integrated over 120
◦
) vs. kineti
energy and phase. (d) Asymmetry integrated over indiated
energy ranges vs. CEP. The CEP was alibrated by referene
measurements in Xe and omparison to alulations based on
the quantitative resattering theory aording to a reently
published method [14℄. From the evaluation of this data we
obtain an error in the absolute CEP of ±0.04pi.
it also diult to determine the phase-shift between the
points, where a maximum asymmetry is found for C
+
and
O
+
ions. In the experiment, the asymmetry an arise
from ontributions of all three steps: ionization, reol-
lisional exitation and laser-indued population transfer
between exited eletroni states of CO
+
. The initial
population of exited states by reollision is likely de-
pendent on the CEP, but its alulation is urrently out
of sope for larger moleules [6℄. We an, however, fous
on the remaining two steps. The ionization probability
of a moleule in a laser eld is determined by the eletron
ux indued by this external eletri eld [15℄. To al-
ulate the angular dependent ionization probability for a
given stati eletri eld, we performed quantum hemi-
al alulations under various orientation angles with re-
spet to the polarization of the applied external eld.
In the spirit of [15℄ we reord the eletron ux through
a surfae plaed at the outer turningpoints of a given
orbital. When ionization from the HOMO only is on-
sidered as in ref. [12℄, our alulated angular distribution
mathes the reported results therein. For our experi-
3mental onditions we allow ionization from the HOMO
(leading to the X
2Σ+ state of CO+) and the HOMO-
1 (leading to the A
2Π-state) reproduing the observed
angular distribution (Fig. 2(a)). This is ahieved by a ba-
sis transformation forming the orbitals HOMO+HOMO-
1 and HOMO-HOMO-1. By integration of the alulated
ionization probabilities over the appropriate orientation
angles, the asymmetry in the ionization step aused by a
phase-stabilized eletri laser eld an be extrated. As-
suming ionization only at the extrema of the eld, we
alulated the asymmetries for various ontributions of
half-yles as shown in Fig. 3 (solid line). The volume-
averaged angular dependent ionization probability is ob-
tained for a spatial gaussian intensity prole and is shown
in Fig. 2(a) (blak line) for the ombination of the three
most prominent half-yles and a CEP=pi pulse. The
related volume-averaged asymmetries are presented in
Fig. 3 (dashed line). The remaining less intense half-
yles an be negleted as they do not ause reollision
exitation. The good agreement between theory and ex-
periment shows that the angular distribution arises from
the ionization out of two orbitals. Its asymmetry origi-
nates from phase stable eletri elds. The orresponding
alulated asymmetry amplitude of 0.14 is below the ex-
perimentally observed total asymmetry amplitude of 0.2.
If only ionization would be responsible for the observed
CEP-dependene, the asymmetry would be expeted to
be seen for all observed C
+
ions irrespetive of their ki-
neti energy or angular distribution. Experimentally, we
do however nd that the angular range over whih the
asymmetry is observed depends on the fragment kineti
energy, suggesting that the experimental result is not
solely explained by the ionization mehanism. To alu-
late to what extent the asymmetry may arise in the disso-
iation proess we used our reently introdued approah
to desribe oupled eletron and nulear dynamis [8℄.
We follow the dominant reollision exitation pathway,
assuming ionization of CO only at the eletri eld maxi-
mum of the laser pulse used in the experiment and reolli-
sion of the eletron after 1.7 fs [16℄. Our quantum dynam-
ial simulations start after the reollision. The initially
formed nulear wave paket is exited from the X and
A state to higher eletroni states. Thereby a oherent
superposition of several eletroni states is reated and si-
multaneously the eletroni and nulear wavepaket mo-
tion is initiated. The PES for the CO eletroni ground
state and for the ioni states are alulated with Mol-
pro [17℄. From the set of CO
+
PES we hose three poten-
tials as typial representatives for the indued dynamis
whih moreover allow all transitions among eah other.
We inlude the C
2Σ+ state as the weakly bound state
and the E
2Π state to resemble the repulsive dynamis.
Both states orrelate with the C
+
(
2
P)+O(
1
D) hannel.
As third PES we inlude the H
2Π state whih is the
rst state leading to the C(
3
P)+O
+
(
4
S) hannel, deliv-
ering O
+
fragments as observed in the experiment. The
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Figure 3: Calulated asymmetries (+ symbols and solid line)
for various ombinations of half-yles of the laser eld (shown
in the inset). The x symbols show volume averaged asymme-
try ontributions (dashed line).
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Figure 4: (a) Eletri eld (CEP = ϕ=0). (b) Time-
dependent populations of the C
2
Σ
+
, E
2
Π and H
2
Π states
after reollision exitation (solid: CEP=0; dotted: CEP=pi).
() Temporal evolution of the probability measuring a C
+
fragment PC+ .
initial wavepaket is omposed as a 55:38:7 distribution
of the states involved, ordered in inreasing energy, as-
suming a gaussian energy distribution for the reollid-
ing eletron with a ut o energy of 13 eV. Choosing
these partiular values for the initial populations also
reets the experimentally observed ratio between C
+
and O
+
fragments. In the alulations the CO
+
ions are
taken to be aligned at 45
◦
to the laser polarization as
the ionization peaks along this diretion and all transi-
tions between Σ and Π states are allowed. The moleular
wavefuntion Ψmol =
∑
i χi(R, t)ϕi(r, t;R) is set up as
the sum over these three eletroni states i with χi the
nulear wavefuntions, ϕi the eld-free eletroni wave-
funtions, the nulear and eletroni oordinates R and
r and the time t. Figure 4 shows the temporal evolution
of the laser eld (a) and of the population in the three
seleted eletroni states (b). The alulated kineti en-
ergy spetrum (Fig. 2(b)) derived from the nulear dy-
namis is in reasonable qualitative agreement with the
experimental data supporting the seletion made for the
representative states. Note that ontributions from dou-
bly harged states annot be ompletely ruled out in the
experimental spetrum. On the basis of these results, we
an explain the origin of the observed energy distribu-
4tion. The low kineti energy spetrum arises from the
dynamis on the weakly bound state while the spetrum
between 2.02.8 eV originates from the purely repulsive
state. The high energy spetrum reets the dynamis of
the seond repulsive state orrelating with the O
+
han-
nel. The sharp peaks in the low kineti energy spetrum,
also present in the experimental data (Fig. 2(a,b)), arise
from interferene of bound and dissoiative vibrational
states in the nulear wave paket on the C
2Σ+ state.
The eletroni density ρ(r1, t;R) is expressed as a fun-
tion of the eletroni oordinate r1 and time. The total
moleular wavefuntion is integrated over the nulear and
over the N − 1 eletroni oordinates (with N the total
number of eletrons):
ρ(r1, t;R) =
∫
Ψ∗molΨmol dR dr2 . . . drN
=
3∑
i=1
ai(t)
2
∣∣ϕi(r1, t0;R)∣∣2
+
3∑
i=1
∑
j<i
2Re
{〈
χi(R, t)
∣∣χj(R, t)〉R
ϕi(r1, t0;R)ϕj(r1, t0;R)e
−i∆Eji(R(t))∆t+φ(t−∆t)
}
(1)
with ai(t) =
√〈
χi(t)
∣∣χi(t)〉R and a2i (t) the popu-
lation of the eletroni states, the interferene term〈
χi(t)
∣∣χj(t)〉R and the energy dierene ∆Eij(t) =
Ej(t) − Ei(t) between the eletroni states i and j. The
eletroni wavefuntions ϕi(r, t0;R) are represented as
Slater determinants. The time evolution of the ele-
troni wavepaket is alulated by propagation in the
eigenstate basis. The oupling of the fast eletron to
the slower nulear dynamis enters through the time-
dependent population and through the interferene term,
whih speies the degree of eletroni oherene in-
dued in the moleular system. The probability PC+(t)
of measuring a C
+
fragment is given by PC+(t) =∫ xmax
xmin
dx
∫ ymax
ymin
dy
∫ 0
zmin
dz ρ(r1, t;R(t)) where x, y and z
refer to the moleular frame with z along the moleular
axis and the O-atom oriented along negative z-values [8℄.
In the rst 6 fs the eletron dynamis, reeted in PC+(t)
(e.g. red urve in g. 4()), results from a ompetition
between the inuene of the light pulse, the dynamis of
the linear ombination and the interferene term of the
nulear wavefuntions. As soon as the population trans-
fer between the eletroni states stops (approximately
after 8 fs, see g. 4(b)) PC+(t) osillates with dereas-
ing amplitude onverging after 12 fs to its nal value.
This deay arises from the redued overlap of the super-
imposed moleular orbitals, whih beome soon loated
on the two dierent nulei during the dissoiation pro-
ess. Consequently, the last term of eq. 1 vanishes and
hene the dynamis of the eletroni linear ombination.
The probability PC+(t) is nally given by the prepared
population distribution of the oupled reation hannels
leading either to C
+
or O
+
. This ratio is steered very
preisely by the CEP modulating the relative intensities
between half-yles and is only signiant in ultrashort
laser pulses. When multiple half-yles are taken into
aount the mehanism of the observed ontrol stays the
same. A shift of the CEP by pi while keeping the mole-
ular orientation leads to a dierent result (green urve in
g. 4()). Changing the orientation of the moleule by
180
◦
is equal to shifting the CEP by pi as the transition
dipole moment hanges the sign. Thus the CEP depen-
dent asymmetry in the dissoiation step an be alulated
by PC+(t) for two CEP values shifted by pi. As shown
in g. 4(), the probability of measuring a C
+
fragment
upon the break up of the moleule an be hanged by 5%
through the CEP.
We presented experimental and theoretial results on
the steering of eletrons in a multi-eletron system. As
possible mehanisms for the observed CEP-ontrol of the
diretional fragment emission in the dissoiative ioniza-
tion of CO we have disussed ontributions from the ion-
ization step as well as from the laser indued dynamis
during the dissoiation. The urrent experimental data
does not allow to learly distinguish the individual on-
tributions. Further studies are underway that aim into
this diretion.
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